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Four bifidobacteria, each representing a cluster of strains with specific inulin-type-fructan degradation
capacities, were grown in coculture fermentations with Bacteroides thetaiotaomicron LMG 11262, a strain able
to metabolize both oligofructose and inulin. In a medium for colon bacteria with inulin as the sole added energy
source, the ability of the bifidobacteria to compete for this substrate reflected phenotypical variation. Bifidobacterium breve Yakult, a strain that was not able to degrade oligofructose or inulin, was outcompeted by B.
thetaiotaomicron LMG 11262. Bifidobacterium adolescentis LMG 10734, a strain that could degrade oligofructose
(displaying a preferential breakdown mechanism) but that did not grow on inulin, managed to become
competitive when oligofructose and short fractions of inulin started to accumulate in the fermentation medium.
Bifidobacterium angulatum LMG 11039T, a strain that was previously shown to degrade all oligofructose
fractions simultaneously and to be able to partially break down inulin, was competitive from the beginning of
the fermentation, consuming short fractions of inulin from the moment they appeared. Bifidobacterium longum
LMG 11047, representing a cluster of bifidobacteria that shared both high fructose consumption and oligofructose degradation rates and were able to perform partial breakdown of inulin, was the dominating strain in
a coculture with B. thetaiotaomicron LMG 11262. These observations indicate that distinct subgroups within the
large-intestinal Bifidobacterium population will be stimulated by different groups of prebiotic inulin-type
fructans, a variation that could be reflected in differences concerning their health-promoting effects.
microbiota (26, 32). Moreover, the presence of Bacteroides
thetaiotomicron appears to be universal (8, 21). This species,
which has been isolated only from human and rodent intestines
or feces up to now, has gained importance as a perfect example
of a flexible, niche-adapted, human symbiont with a wide carbohydrate consumption range (3, 4, 40).
Although B. thetaiotaomicron is considered a human symbiont contributing to the stability of the colon ecosystem, the
Bacteroides genus also harbors some notorious pathogens that
are linked with severe extraintestinal infections and that have
been mentioned as causal agents of acute diarrhea (30, 35).
Moreover, besides their enormous saccharolytic potential,
Bacteroides spp. are also capable of proteolytic fermentation
(22). These considerations make them unsuited as target organisms for stimulation by prebiotics such as inulin-type fructans (23, 31).
Most in vivo studies regarding the effect of the addition of
inulin or oligofructose to the diet on the composition of the
human colon microbiota reveal that Bacteroides spp. are neither stimulated nor repressed through administration of these
prebiotics (34). However, at least some Bacteroides spp. are
able to degrade inulin-type fructans, including B. thetaiotaomicron (13, 44). Since this species accounts for up to 6% of the
colon microbiota (8), it is at least surprising that its numbers
are hardly influenced by an increased availability of these
prebiotics as substrates for large-intestinal fermentation. A
possible explanation for these contradicting observations is
to be found in the mechanism of inulin degradation, which

The vast complexity of the human colon microbiota, the key
element of the large-intestinal ecosystem, has inspired researchers to describe it as a postnatally acquired microbial
organ located inside a host organ (1, 46). The microbial colon
community is estimated to be composed of up to 100 trillion
microorganisms, a number exceeding 10 times the total number of somatic and germ cells of a human adult (18, 38). The
human microbiome is thought to contain more than 100 times
the total number of human genes (1, 18). It not only broadens
the digestive abilities of the host (18, 22, 40) but also influences
body processes far beyond digestion (7, 33). In spite of its
fundamental impact on human health and disease, the human
gastrointestinal ecosystem remains largely unexplored (7, 8).
Despite the fact that the present knowledge of the composition of the human large-intestinal microbiota is partial, fragmented, and undetailed, the consistency of some observations
allows them to be generalized as facts (8, 28, 47). Notwithstanding the huge diversity at the strain level, up to 87% of the
human colon inhabitants belong to only two bacterial phyla,
the Bacteroidetes and the Firmicutes (1, 8, 14). Within the
group of large-intestinal Bacteroidetes, large variations between
individuals have been reported (8). However, Bacteroides spp.
generally seem to account for up to 20% of the human colon
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TABLE 1. Bifidobacterium spp. included in the present studya
Cluster

Strain

Inulin-type fructan degradation profile

A
B

B. breve Yakult
B. adolescentis LMG 10734

C

B. angulatum LMG 11039T

D

B. longum LMG 11047

Neither oligofructose nor inulin degradation
Oligofructose degradation with preferential breakdown of short fractions; oligofructose
degradation slower than fructose consumption; no inulin degradation
Nonpreferential oligofructose degradation; oligofructose degradation faster than fructose
consumption; degradation of short fractions of inulin
Nonpreferential oligofructose degradation; equally fast fructose consumption and oligofructose
degradation; degradation of short fractions of inulin

a

Each species represents a phenotypical cluster of bifidobacteria exhibiting distinct inulin-type fructan degradation profiles (9).

abilities of these strains to compete for inulin in a coculture
with an inulin-degrading B. thetaiotaomicron strain.
MATERIALS AND METHODS
Microorganisms and media. B. thetaiotaomicron LMG 11262 was used
throughout this study. For the coculture experiments, four bifidobacterial strains
were selected, each representing a cluster of bifidobacteria exhibiting a distinct
fructan degradation profile, referred to as clusters A to D (Table 1). All strains
were purchased from the Belgian Coordinated Collections of Microorganisms/
Laboratory for Microbiology Ghent (Ghent, Belgium), except for Bifidobacterium breve Yakult, which was kindly provided by Yakult Honsha Co. Ltd. (Tokyo,
Japan). For inoculum preparation and storage purposes, bifidobacteria were
grown anaerobically in reinforced clostridial medium (RCM) (Oxoid Ltd., Basingstoke, United Kingdom), while B. thetaiotaomicron LMG 11262 was cultured
in Wilkins-Chalgren anaerobe broth (WCB) (Oxoid) under the same conditions.
Strains were stored at ⫺80°C in the appropriate medium, supplemented with
25% (vol/vol) glycerol as a cryoprotectant.
The fermentation experiments were performed in a medium for colon bacteria
(MCB), developed by Van der Meulen et al. (44), to support growth of various
human colon bacteria when supplemented with an adequate energy source. The
pH of the medium was adjusted to 6.3 before autoclaving was carried out at 210
kPa and 121°C for 20 min. After sterilization, fructose (VWR International
GmbH, Darmstadt, Germany), oligofructose (OraftiP95; BENEO-Orafti NV,
Tienen, Belgium), or inulin (OraftiHP; BENEO-Orafti) was added aseptically as
the sole energy source at a concentration of 50 mM fructose equivalents (FE).
Fructose was autoclaved under the same conditions as the MCB; oligofructose
and inulin were sterilized through membrane filtration using Minisart filters
(pore size, 0.2 m; Sartorius AG, Göttingen, Germany). OraftiP95 and OraftiHP
are commercial powders derived from chicory roots. OraftiP95 is obtained
through enzymatic hydrolysis of chicory inulin. It consists mainly of oligofructose
(ⱖ93.2% [wt/wt]) but also contains some minor amounts of glucose, fructose,
and sucrose (⬍6.8% [wt/wt]). The degree of polymerization (DP) of the oligofructose fractions varies between 2 and 8, with an average of 4. OraftiHP contains
inulin (ⱖ99.5%, wt/wt), with a DP ranging from 12 to 65, and minor amounts of
glucose, fructose, and sucrose (⬍0.5% [wt/wt]). The average DP of the inulin
chains exceeds 23 due to removal of the smaller molecules during processing.
Solid RCM and WCB were prepared by adding 1.5% (wt/vol) of agar (Oxoid)
to the respective broths. Gram-negative anaerobe supplement (Oxoid) was
added to WCB agar to prevent bifidobacterial growth and allow selective enumeration of Bacteroides bacteria. No bacteroidal growth was observed on RCM
agar.
Fermentation experiments. Mono- and coculture fermentations were carried
out in 2-liter Biostat B-DCU fermentors (Sartorius) containing 1.5 liter of MCB
supplemented with the energy source under study. Inocula were prepared as
follows: strains were transferred from ⫺80°C to the appropriate medium and
incubated anaerobically at 37°C for 12 h in a modular atmosphere-controlled
system (MG anaerobic work station; Don Whitley Scientific Ltd., West Yorkshire, United Kingdom) that was continuously sparged with a mixture of 80% N2,
10% CO2, and 10% H2 (Air Liquide, Paris, France). Subsequently, the strains
were propagated twice in MCB with fructose as the sole energy source and finally
added to the fermentor. During inoculum build-up, the transferred volume was
always 5% (vol/vol). Anaerobic conditions were assured during fermentation
experiments by continuously sparging the medium with a mixture of 90% N2 and
10% CO2 (Air Liquide). The fermentation temperature was kept constant at
37°C. A constant pH of 6.3 was imposed and controlled automatically, using 1.5
M solutions of NaOH and H3PO4. To keep the medium homogeneous, a gentle
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in the case of Bacteroides is presumed to be periplasmic or
even extracellular (37, 44). Leakage of free fructose toward
the extracellular environment appears to be inherent in such
breakdown mechanisms (10, 25, 44). Hence, extracellular
fructan degraders inevitably provide opportunistic competitors, which are not able to degrade inulin-type fructans
themselves, with a valuable source of energy (2, 10, 19). In
contrast, a cell-associated or intracellular degradation
mechanism is thought to be widespread among Bifidobacterium spp., which are still considered the main target organisms
for prebiotic stimulation by inulin-type fructans (15, 16, 39, 44).
This mechanism is often reflected in a clearly preferential
breakdown of different-chain-length fractions of oligofructose,
which approaches degradation of the long fractions only when
short ones are depleted (10, 42, 44). The main disadvantage of
such a cell-associated or intracellular degradation strategy
seems to be the bifidobacterial incapacity to grow on longchain-length fractions of inulin (36). Reports of the latter are
indeed scarce: kinetic pure culture studies report an upper
chain length limit for inulin degradation by Bifidobacterium
spp., a disadvantage that will presumably not affect extracellular fructan degraders, such as Bacteroides spp. (9). Although
the prebiotic effect of inulin-type fructans on the colon Bifidobacterium population is well documented, in vivo stimulation studies usually tend to consider the bifidobacterial community as a whole, ignoring interspecies differences (23).
However, since the early days of in vitro prebiotic studies, a
large variation in fructan degradation capacities of different
Bifidobacterium strains has been reported (17, 36). It is likely
that this variety is translated to the in vivo environment, implying that not all bifidobacteria are equally subject to prebiotic stimulation (5, 45). In a recent study, the kinetics of
growth, carbohydrate consumption, and metabolite production
of 18 Bifidobacterium spp., 17 of which were human intestinal
isolates, have been statistically analyzed (9). The existence of
four phenotypically distinct clusters among the tested strains,
probably reflecting niche-specific adaptation, has been revealed. This rather limited variation was hypothesized to influence the susceptibilities of various bifidobacteria toward
prebiotic stimulation by inulin-type fructans and their fitness to
compete for these substrates in a complex environment, such
as the colon ecosystem (44).
The present study aimed at mapping the fructan degradation
capacity of B. thetaiotaomicron LMG 11262 growing on oligofructose or inulin. In vitro competitiveness trials with bifidobacterial strains belonging to the different phenotypical
clusters mentioned above were designed to investigate the
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TABLE 2. Growth, carbohydrate consumption, and metabolite production of Bacteroides thetaiotaomicron LMG 11262a
Carbohydrate

Fructose
Oligofructose
Inulin
a
b
c

Mean consumption ⫾ SD
(mM FE) of substrate
(after 48 h)

49.9 ⫾ 0.4
56.3 ⫾ 0.1
47.4 ⫾ 0.2

Mean production ⫾ SD (mM)
of metabolites (after 48 h)
Succinate

Acetate

54.3 ⫾ 0.3
65.1 ⫾ 1.2
61.7 ⫾ 1.5

36.5 ⫾ 0.3
34.1 ⫾ 1.5
23.4 ⫾ 1.5

CRb (%)

Substrate depletion
time (h)

Maximal cell population
(CFU ml⫺1)c

92.5
90.6
91.6

6–9
6–9
18–24

8.5 ⫻ 109
1.1 ⫻ 1010
1.6 ⫻ 1010

Bacteria were grown in a medium for colon bacteria supplemented with 50 mM FE of fructose, oligofructose (OraftiP95), or inulin (OraftiHP).
Including theoretical carbon metabolism (37).
Assessed at 9 h for fructose or oligofructose supplementation or at 24 h for inulin.

min), appropriate dilution, and filtration (Minisart RC4). Samples were analyzed
in duplicate.
CR. Carbon recovery (CR) (expressed in percentages) was calculated by dividing the total amount of carbon recovered in the sugar metabolites by the total
amount of carbon present in the added energy source. For B. thetaiotaomicron
LMG 11262, the production of one mole of CO2 for every mole of acetate
formed was taken into account, as was as the uptake of one mole of CO2 for
every mole of succinate formed (6, 10, 29). In coculture fermentation experiments, the competitiveness of each strain was evaluated by calculating the percentage of carbon that could be recovered as an end product of its metabolism.

RESULTS
Monocultures of Bifidobacterium breve Yakult, Bifidobacterium adolescentis LMG 10734, Bifidobacterium angulatum LMG
11039T, and Bifidobacterium longum LMG 11047 in MCB supplemented with fructose, oligofructose, or inulin. Results of
Bifidobacterium monoculture fermentations have been discussed in detail in a previous article (9).
Monoculture of Bacteroides thetaiotaomicron LMG 11262 in
MCB supplemented with fructose, oligofructose, or inulin. B.
thetaiotaomicron LMG 11262 was able to grow on fructose,
oligofructose, and inulin (Table 2). Besides gases, acetate and
succinate were the only metabolites produced. Degradation of
inulin was slower than that of fructose or oligofructose. A shift
in the succinate/acetate production ratio was observed, from
1.49 for growth in MCB with fructose as the sole added energy
source, to 1.91 for growth on oligofructose and 2.64 in MCB
supplemented with inulin.
Detailed quantitative analysis of oligofructose breakdown by
the strain revealed simultaneous degradation of fractions of all
different chain lengths, accompanied by an accumulation of
free fructose in the fermentation medium (Fig. 1A). A similar
simultaneous degradation profile was observed after qualitative analysis of inulin degradation (Fig. 1B). During inulin
breakdown, fructose (maximal concentration of 8.8 ⫾ 0.7 mM
after 15 h of fermentation), oligofructose, and short fractions
of inulin accumulated in the fermentation medium. For each
fermentation, the CR was above 90% (Table 2).
Coculture of Bacteroides thetaiotaomicron LMG 11262 and
Bifidobacterium breve Yakult in MCB supplemented with inulin. In a coculture of B. thetaiotaomicron LMG 11262 and B.
breve Yakult, all added substrate was consumed after 30 h of
fermentation (Fig. 2A). Apart from gases, acetate and succinate were the main metabolites produced. Also, traces of
formate (4.4 ⫾ 0.5 mM), ethanol (2.0 ⫾ 0.5 mM), and
lactate (1.2 ⫾ 1.4 mM) were found.
Qualitative analysis of inulin degradation revealed a profile
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stirring of 100 rpm was applied. Temperature, pH, and agitation speed were
controlled online (MFCS/win 2.1; Sartorius). Fermentations were followed up
during a 48-h period; samples for further analysis were taken at regular time
intervals. All fermentations were performed in duplicate; the results and figures
presented hereinafter are representative for both fermentations.
Analysis of bacterial growth, carbohydrate consumption, and metabolite production. (i) Bacterial growth. Growth was followed throughout all fermentations
by plating on the appropriate selective agar medium. Plates were incubated for
24 h under anaerobic conditions as indicated above.
(ii) Carbohydrate, organic acid, and ethanol determinations. Residual concentrations of glucose, fructose, oligofructose, and inulin (the latter two expressed in mM FE), as well as concentrations of acetate, formate, and ethanol,
were determined through high-performance liquid chromatography as described
previously (9). All samples were analyzed in triplicate.
For the fermentations with OraftiHP as the sole added energy source, concentrations of free fructose were determined by high-performance liquid chromatography analysis, following the same procedure. However, to prevent fructan
hydrolysis, proteins were removed through the addition of 350 l of Carrez A [36
g liter⫺1 of K4Fe(CN)6 䡠 3H2O] and 350 l of Carrez B (72 g liter⫺1 of
ZnSO4 䡠 7H2O) reagents to 700 l of sample.
Succinate and lactate were separated through high-performance anion-exchange chromatography (HPAEC) and subsequently quantified by conductivity
measurement with ion suppression using an ICS3000 chromatograph (Dionex
Corp., Sunnyvale, CA). An AS-19 column (Dionex) was used. The mobile phase,
at a flow rate of 1.0 ml min⫺1, consisted of ultrapure water (0.015 S cm⫺1;
eluent A) and 0.1 M KOH (eluent B). The following gradient was applied: 0 min,
96% A and 4% B; 20 min, 96% A and 4% B; and 60 min, 0% A and 100% B. The
injection volume was 10 l, and the column temperature was kept constant at
30°C. Sample preparation involved centrifugation (21,036 ⫻ g, 20 min), followed
by protein removal using an isovolume of acetonitrile, centrifugation (21,036 ⫻ g, 20
min), appropriate dilution, and filtration (pore size, 0.2 m; Minisart RC4 filters;
Sartorius). All samples were analyzed in triplicate.
(iii) Breakdown of oligofructose and inulin. Detailed analysis of the breakdown of the different oligofructose fractions of OraftiP95 was performed by gas
chromatography (GC) using a 5300-HT high-resolution gas chromatograph
(Carlo Erba, Rodina, Italy). The GC was equipped with an SGE Aluminum
Clad-5 capillary column (Achrom NV, Zulte, Belgium), a cooled on-column
autoinjector (AS-550), and a flame ionization detector (detector temperature of
447°C). The oven temperature varied linearly from 105 to 440°C at 10°C min⫺1.
Samples were derivatized following a procedure involving oximation and silylation (20). The oxime-trimethylsilyl sugar derivatives were extracted using isooctane; the resulting iso-octane phase was injected (1 l) into the GC. The same
procedure was carried out for reference samples containing reference oligofructose (RaftiloseP95X; BENEO-Orafti), glucose, fructose, and sucrose as external
standards.
Qualitative analysis of inulin breakdown in fermentations with OraftiHP as the
sole added energy source was performed using HPAEC with pulsed amperometric detection (PAD) with a DX500 chromatograph (Dionex). A CarboPac PA100
column (Dionex) was used with a gradient of three eluent solutions as a mobile
phase: 0.1 M NaOH (eluent A), 0.1 M NaOH and 0.4 M NaCH3COOH (eluent
B), and 1 M NaOH (eluent C). The following gradient was applied: 0 min, 96%
A and 4% B; 5 min, 96% A and 4% B; 15 min, 60% A and 40% B; 35 min, 30%
A and 70% B; 50 min, 10% A and 90% B; 60 min, 100% B; 85 min, 100% B; 90
min, 100% C; 95 min, 100% C; 96 min, 96% A and 4% B; and 101 min, 96% A
and 4% B. The injection volume was 50 l. Sample preparation (700 l) involved
centrifugation (21,036 ⫻ g, 20 min), followed by protein removal through addition of 350 l of Carrez A and 350 l of Carrez B, centrifugation (21,036 ⫻ g, 20
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similar to the one found for B. thetaiotaomicron LMG 11262
monoculture fermentations (Fig. 2B). Free fructose concentrations peaked after 18 h of fermentation (11.0 ⫾ 0.1 mM).
Since Bifidobacterium species produce only minor amounts
of succinate (few M [50 mM FE substrate]⫺1) under fermentation conditions similar to those applied in the present study
(10, 41), all succinate detected in the coculture fermentation
could be regarded as originating from the Bacteroides metabolism. Assuming that B. thetaiotaomicron LMG 11262 behaved
similarly in mono- and coculture fermentations with inulin as
the sole added energy source (succinate-to-acetate ratio of
2.64) and considering the strain could not (co)metabolize lactate (data not shown), it was calculated that the strain was
responsible for 26.2 mM of the acetate produced. The remaining 15.8 mM of acetate, as well as the traces of formate,
ethanol, and lactate recovered, could be attributed to growth
of B. breve Yakult. Hence, only 13.5% of the added carbon
source was recovered in the end products of bifidobacterial
metabolism. The estimations made above, including theoretical CO2 uptake and production by B. thetaiotaomicron LMG
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11262 (24, 29, 37), allowed the calculation of the CR in the
coculture as 101.7% (6, 10).
Coculture of Bacteroides thetaiotaomicron LMG 11262 and
Bifidobacterium adolescentis LMG 10734 in MCB supplemented
with inulin. In a coculture of B. thetaiotaomicron LMG 11262
and B. adolescentis LMG 10734, inulin was depleted within
48 h of fermentation (Fig. 2C). The main metabolites produced were acetate, succinate, formate, and ethanol; traces of
lactate (1.1 ⫾ 0.1 mM) were found. Gas production was observed.
The qualitative inulin degradation profile (Fig. 2D) revealed
simultaneous degradation of inulin fractions of all chain
lengths. Oligofructose and short fractions of inulin accumulated in the fermentation medium during breakdown. A maximal free fructose concentration of 7.2 ⫾ 0.1 mM was measured after 30 h of fermentation.
Considering the coculture conditions estimated above, it was
calculated that 53.1% of the added carbon source ended up as
metabolites of B. adolescentis LMG 10734 fermentation. The
CR was calculated as 108.6%.
Coculture of Bacteroides thetaiotaomicron LMG 11262 and
Bifidobacterium angulatum LMG 11039T in MCB supplemented with inulin. After 48 h of fermentation, no residual
inulin could be recovered in the fermentation medium after
cocultivation of B. thetaiotaomicron LMG 11262 and B. angulatum LMG 11039T (Fig. 2E). Besides gases, acetate, succinate,
formate, and ethanol were the main metabolites produced.
Traces of lactate (3.3 ⫾ 0.4 mM) were found.
Qualitative analysis of inulin degradation showed fast depletion of the short fractions of inulin, followed by simultaneous
breakdown of the long ones (Fig. 2F). During the entire inulin
degradation process, no accumulation of oligofructose or short
fractions of inulin was observed. After 24 h of fermentation, a
maximum free fructose concentration of 6.6 ⫾ 0.2 mM was
found.
Taking into account the coculture estimations made above,
54.1% of the added carbon source could be recovered as end
products of bifidobacterial metabolism. The calculated CR was
106.6%.
Coculture of Bacteroides thetaiotaomicron LMG 11262 and
Bifidobacterium longum LMG 11047 in MCB supplemented
with inulin. In a coculture of B. thetaiotaomicron LMG 11262
and B. longum LMG 11047, carbohydrate depletion occurred
within 30 h of fermentation (Fig. 2G). Besides gases, acetate,
formate, succinate, and ethanol were the main metabolites
produced. Traces of lactate (4.3 ⫾ 0.1 mM) were found.
Qualitative analysis of inulin degradation revealed fast substrate degradation without accumulation of oligofructose and
short fractions of inulin (Fig. 2H). Free fructose concentrations peaked after 12 h of fermentation (5.1 ⫾ 0.1 mM).
Considering the coculture conditions estimated above, it was
calculated that 75.3% of the added carbon source was consumed by B. longum LMG 11047. The CR was calculated as
104.3%.
DISCUSSION
When referred to as target organisms for prebiotic stimulation by inulin-type fructans, the large-intestinal Bifidobacterium population is generally considered a homogeneous group
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FIG. 1. Fructan degradation by Bacteroides thetaiotaomicron LMG
11262 in a medium for colon bacteria supplemented with 50 mM FE of
oligofructose (OraftiP95) or inulin (OraftiHP). (A) Oligofructose degradation. F, fructose; G, glucose. (B) Qualitative inulin degradation.
An HPAEC-PAD chromatogram is shown.
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of potentially beneficial microorganisms (15, 16). However, it
has been shown that this population differs from one individual
to another, not only in numbers but also in species composition
(26, 27). Since the ability to metabolize oligofructose and inulin is a strain-specific feature among bifidobacteria, the outcome of a prebiotic dietary intervention is bound to be influenced by the host’s specific situation (5, 19, 36, 45). The
original bifidobacterial species composition not only will affect
individual susceptibility toward prebiotic stimulation but will
also determine which species will become dominant after the
intake of oligofructose and inulin (23, 45). Taking into account
the strain specificity of the health-promoting properties attributed to some bifidobacteria (12)—a major issue when the genus is cited in a probiotic context—these considerations might
deserve more attention than currently granted. The ability of
bifidobacteria to increase in numbers when a prebiotic becomes available as a fermentation substrate in the complex
environment of the human colon ecosystem is speculated to be
dependent on their fitness to compete with other large-intestinal fructan degraders (36). The latter include at least some
Bacteroides species (17, 44). Since B. thetaiotaomicron LMG

11262 has been reported to be able to grow on oligofructose
(44), it was selected as model test strain for the present in vitro
competitiveness study.
Qualitative analysis of inulin breakdown by B. thetaiotaomicron LMG 11262 revealed simultaneous degradation of all
different chain length fractions of the fructose polymer with
accumulation of oligofructose and short fractions of inulin in
the medium. The pattern observed showed striking similarities
to the previously described nondiscriminative oligofructose
breakdown mechanism of this strain, acting on fractions of all
different chain lengths simultaneously and leading to an extracellular increase of free fructose (44). Such nonpreferential
degradation profiles appear symptomatic for extracellular or
periplasmic fructan degradation (10, 25, 37). When growing on
less readily metabolizable substrates, such as oligofructose and
inulin, B. thetaiotaomicron LMG 11262 produced more succinate at the expense of acetate, although the production of the
latter yields more ATP (24, 29). However, succinate production allows regeneration of NAD⫹, which appears to be of
higher value to the strain under circumstances of a reduced
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FIG. 2. Growth, carbohydrate consumption, and metabolite production by a coculture of Bacteroides thetaiotaomicron LMG 11262 with
Bifidobacterium breve Yakult (A and B), with Bifidobacterium adolescentis LMG 10734 (C and D), with Bifidobacterium angulatum LMG 11039T
(E and F), or with Bifidobacterium longum LMG 11047 (G and H) in a medium for colon bacteria supplemented with 50 mM FE of inulin
(OraftiHP). (A, C, E, and G) E, inulin (FE); 䉬, succinate; f, acetate; ‚, formate; Œ, ethanol; U, growth of Bacteroides; F, growth of
Bifidobacterium. (B, D, F, and H) Qualitative inulin degradation. An HPAEC-PAD chromatogram is shown.
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sugar consumption rate (24, 29, 37). A similar shift was previously reported for Bacteroides fragilis LMG 10263 (44).
The kinetics of carbohydrate consumption and metabolite
production during coculture fermentations of selected bifidobacteria with B. thetaiotaomicron LMG 11262 reflected
bifidobacterial variation in the inulin-type fructan degradation
capacity corresponding with four phenotypically distinct clusters (9). B. breve Yakult (cluster A) hardly influenced bacteroidal growth and metabolite production; only around 13% of
the added energy source could be recovered as end products of
the strain’s metabolism. The strains belonging to other clusters
did manage to conquer at least part of the substrate at different
time points during the inulin breakdown process. However,
care needs to be taken when interpreting the percentages mentioned here; considering the assumptions made to calculate the
numbers presented, they should be regarded as indicative and
by no means absolute.
Considering formate and ethanol production as markers for
in vitro bifidobacterial metabolic activity (10, 41), it was demonstrated that B. adolescentis LMG 10734 (cluster B) became
more competitive toward the middle of a coculture fermentation with B. thetaiotaomicron LMG 11262. Qualitative analysis
of inulin degradation revealed that at this point, oligofructose
and short fractions of inulin started to accumulate in the fer-

mentation medium. Metabolite production by B. angulatum
LMG 11039T (cluster C) took place during the entire course of
the coculture fermentation. Apparently, this strain was already
competitive in an earlier stage of inulin degradation, which
could be linked with its inulin-type-fructan breakdown capacities (9). The inulin degradation profile of this coculture
showed accumulation neither of oligofructose nor of short
fractions of inulin. Notwithstanding the kinetic differences discussed above, the overall competitiveness of B. adolescentis
LMG 10734 and B. angulatum LMG 11039T was similar:
slightly more than 50% of the added energy source was recovered as end products of their metabolism.
B. longum LMG 11047 was the only strain tested that was
able to dominate in a coculture with B. thetaiotaomicron LMG
11262. Formate and acetate production were observed from
the beginning of the fermentation, whereas succinate production remained limited. About 75% of the added energy source
was recovered as metabolites resulting from bifidobacterial
carbohydrate fermentation. This struggle for dominance
stresses the importance of the choice of a Bifidobacterium
strain to be applied as a probiotic (11, 12).
In none of the coculture fermentations was substantial bifidobacterial lactate production observed, which is in contradiction with the observations made during monoculture fer-
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mentation studies (9). This confirms an earlier reported shift in
the Bifidobacterium metabolism toward more acetate, formate,
and ethanol production at the expense of lactate when strains
are grown under conditions of limited access to an energy
source (10, 41–43).
In the present work, we set out to investigate whether the
limited variation among bifidobacteria regarding their ability
to degrade oligofructose and inulin is translated into a difference in their fitness to compete with other fructan-degrading
colon bacteria (17, 36). Coculture fermentations of B. breve
Yakult with a fructan-degrading, nonbifidobacterial human colon isolate revealed that the capacity to degrade oligofructose
is a conditio sine qua non for bifidobacteria to be competitive
when growing on inulin as the sole added energy source (19).
Preferential oligofructose degradation, usually linked with cellassociated or intracellular carbohydrate breakdown (10, 44),
provides strains with the weapons necessary to compete for the
short fructan fractions. The ability to partially degrade inulin
offers an additional competitive advantage but appears more
effective when the bifidobacterial strain displays highly efficient
fructose and oligofructose consumption. Although further in
vivo confirmation is needed, the results presented in this study
indicate that different groups of inulin-type-fructan prebiotics
might stimulate distinct subgroups of the large-intestinal Bifidobacterium population, a variation that could be reflected in
differences concerning their health-promoting effects.
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